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Abstract 
The characteristics of YAlO3/NbC heterogeneous nucleation interface are strongly associated 
with the interfacial structure, electronic construction and properties. The lattice mismatch 
between low index crystal faces of YAlO3 and NbC was calculated by using the Bramfitt two-
dimensional lattice mismatch theory. The work of adhesion, interfacial energy and electronic 
structure of the YAlO3(001)/NbC(100) interface structures were calculated by the first 
principles method. The charge density difference, electron localization function and crystal 
orbits overlap population were adopted to analyze the charge transfer and bond characteristics. 
The microstructure of surfacing alloy was observed by transmission electron microscopy 
(TEM). The results show that, the two-dimensional lattice mismatch of YAlO3(001)-NbC(100) 
interface is 5.4%, which testifies that YAlO3 can meet the lattice structure condition of being 
an effective heterogeneous nucleus of NbC. In all interface structures, the work of adhesion of 
C-O2 model is the largest (Wad=6.558 J/m2) and the interfacial energy of C-Y model is the 
smallest （=0.54J/m2）. It can be confirmed that the C-Y interface structure is the most stable 
one, whose interfacial energy is the smallest. The chemical bonds between interface atoms of 
all models are major covalent bonds and few metal bonds. The calculation results indicate that 
YAlO3(001) slab and NbC(100) slab can form a stable interface structure. The TEM results 
verify that the rare earth compound in NbC particle is YAlO3. In addition, NbC growth 
encircling YAlO3 and they are combined tightly. Therefore, YAlO3 can act as the effective 
heterogeneous nucleus of NbC and refine it. 
  
1. Introduction 
Niobium carbide, due to its attractive properties such as high hardness, high elastic modulus, 
high melting point, chemical inertness, etc. has been applied in engineering fields [1]. As 
strengthening phase, NbC plays a major role in improving the strength of various alloy systems 
such as Cu-based alloy, Ni-based alloy, Fe-based alloy and so on [2-4]. Meanwhile, NbC is 
also widely used as a refiner to strengthen the materials, refine the grain size and improve the 
mechanical property of the alloys [5]. Zhang et al. [6] researched the behavior of NbC carbide 
in austenite, which indicates that NbC provide a superior coarsening resistance to austenite. 
Qin et al. [7] prepared the nano-NbC particle reinforced low-carbon a-Fe steels and found that 
the nano-NbC can refine the microstructure remarkably. Zhang et al. [8] researched the 
refinement mechanism of NbC on TiN, which reveals that NbC heterogeneous nucleation on 
TiC preferentially occurs on the (1 1 1) surface. Liu et al. [9] investigated the refinement 
mechanism of NbC on primary M7C3 carbides in hypereutectic Fe-Cr-C alloy, in which the 
experimental and computational results demonstrate that NbC particle is the heterogeneous 
nucleus of primary M7C3 carbide and thereby refines it. The researches [10,11] indicate that 
the refinement effect of NbC is related with its size closely, and the smaller its size is, the better 
the refinement is. Therefore, it is significant to further refine the NbC size during the process 
of alloy solidification. Because of the special electronic structure and physical property, heavy 
rare earth element Y is widely applied in industrial engineering, energy sources, electronics 
and other fields. The purification [12], modification [13,14] and refinement [15] effects of 
element Y in the alloys have been reported. Especially the element Y can form compounds 
with the impurities in alloys. During the process of solidification, because the interface between 
the compound containing element Y and the post-precipitated alloy phase is coherent, which 
indicates that the compound containing element Y can be heterogeneous nucleus of post-
precipitated phase and then refine the microstructure of the alloy. Yang et al. [15] researched 
the effect of YAlO3 on microstructure and mechanical properties of Fe-based alloys, which 
reveals that YAlO3 can be the effective heterogeneous nucleus of austenite. Liu et al. [16] 
investigated the refinement of Y2O3 on TiC, which indicates that Y2O3 can act as the 
heterogeneous nucleus of TiC and refine it. The researches [17,18] indicate that element Y can 
form YAlO3 with element Al and element O in the molten pool of Fe-based alloy. So whether 
YAlO3 can refine NbC, especially the interface relationship between them, has not been 
reported before. 
 
Due to the ability of simulating and analyzing the interface properties and relationships of 
various phases in materials, the first principles calculation based on density functional theory 
(DFT) has aroused extensive attention [19-21]. Z.J. Liu et al. [19] researched work of adhesion 
and interfacial energy, etc. of Cu/Diamond interface by DFT calculation, which reveals the 
special viscous transfer phenomena of Cu/Diamond interface has a contribution to 
the different tribological properties. Y.X. Xu et al. [20] investigated the influence of different 
modulation ratios on TiAlN/TiN and TiAlN/ZrN multilayer interface structures, which show 
that the results of the calculations are consistent with the experimental results and the defects 
in the non-equilibrium deposition process are attributed to the formation of the metastable 
coherent interface. Our previous research shows that Y2O3 can act as the heterogeneous nucleus 
of TiC and refine it, when Ti and Y2O3 are added to Fe-based alloy simultaneously [21]. 
However, the interface relationship between YAlO3 and NbC has not been researched or 
reported by the first principles calculation at present. 
 
In this research, the heterogeneous nucleation mechanism between YAlO3 and NbC is 
investigated by first principles calculation and experiment. Firstly, the electronic structure, 
stability and bonds characteristics of YAlO3/NbC interface were calculated by the first 
principles method and the possibility of YAlO3 act as the heterogeneous nucleus of NbC was 
analyzed theoretically. Then, the microstructure and interface combination status of YAlO3 
and NbC in Fe-based alloy were observed by transmission electron microscope (TEM), which 
can provide experimental evidence for the analysis of YAlO3 acting as the heterogeneous 
nucleus of NbC. 
 
2. Computational details and experimental method 
 
2.1. Calculation models 
The crystal structure diagrams of YAlO3 and NbC models used in the first principles 
calculation are shown in Fig.1. As shown in Fig.1, the bulk crystal models are YAlO3 crystal 
unit cell with the orthorhombically distorted perovskite structure [22] and NbC crystal unit cell 
with the cubically NaCl structure [23]. Fig. 1(a) is YAlO3 model and the optimized lattice 
constants are a=b=3.49 Å, c=11.43 Å. Fig. 1(b) is NbC model and the optimized lattice 
constants are a=b=c=4.48 Å. 
 
2.2. Calculation methods 
All the first principles calculations based on density functional theory (DFT) were performed 
by using the vienna ab-initio simulation package (VASP) [24,25]. The interactions between 
electron ions were treated by the method of projector-augmented wave theory [26,27]. The 
generalized gradient approximation method (GGA), which is parameterized by perdew, burke 
and ernzerhof (PBE), was used to describe exchange-correlation energy [28]. In all calculations 
of YAlO3 and NbC, the cut-off energy [29] was set to 500 eV. K-points sampling grids, which 
plays a role of sampling in reduced brillouin zone, was acquired by Monkhorst-Pack method 
[21]. K-points for the bulk, surface and interface models were set as 8 x 8 x 8, 8 x 8 x 1 and 8 
x 4 x 1. The thickness of vacuum layer in the surface and interface model was 10 Å. Broyden 
Fletcher Goldfarb Shannon(BFGS) algorithm was used to relax the models to optimize the 
structures. The energy changes in the structural optimization process converge to 1.0 x 105 
eV/atom and the maximum stress converges to 0.01 eV/Å. 
 
2.3. Experiment methods 
The Fe-based alloy with Y2O3 and Nb additives was prepared by surfacing welding method, 
whose composition is as follows: Fe-27Cr-5.5C-0.5Nb-0.5Y2O3 (wt%). The microstructure 
of the Fe based alloy was observed by JEM-2010 transmission electron microscope (TEM). 
 
3. Results and analysis 
 
3.1. Two-dimensional lattice mismatch. 
 
The equation of two-dimensional lattice mismatch is as follows [30]: 
 
(1) 
 
where (hkl)s is a low-index lattice plane of nucleation substrate; (hkl)n is a low-index lattice 
plane of nucleating phase; [uvw]s is a low-index crystal orientation in (hkl)s; [uvw]n is a low-
index crystal orientation in (hkl)n; d[uvw]s is the interatomic spacing along [uvw]s; d[uvw]n 
is the interatomic spacing along [uvw]n; q is the angle between the [uvw]s and [uvw]n.  
 
According to the Bramfitt two-dimensional lattice mismatch theory [30], substrate phase can 
be very effective heterogeneous nucleus of nucleating phase when the lattice mismatch 
between them is smaller than 6%; substrate phase can be medium effective heterogeneous 
nucleus of nucleating phase when the lattice mismatch between them is in the range from 6% 
to 12%; and substrate phase cannot be effective heterogeneous nucleus of nucleating phase 
when the lattice mismatch between them is larger than 12%. 
 
On the basis of the lattice optimization, the lattice mismatch of YAlO3/NbC interface was 
calculated, which is listed in Table 1. The lattice mismatch of YAlO3(001)/NbC(100) interface 
is 5.4%, which indicates that YAlO3 meets the geometric condition of being an effective 
heterogeneous nucleus of NbC. Therefore, the YAlO3(001) slabs and NbC (100) slabs were 
selected to build surface and interface models. 
 
3.2. Bulk property 
3.2.1. Bulk property of YAlO3 
The bulk properties of YAlO3 are shown in Fig. 2 and the Fermi level is indicated by dashed 
line. Fig. 2(a) is the band structure of YAlO3, which indicates that YAlO3 is a indirect bandgap 
semiconductor with a 2.82 eV band gap between the valence band and the guide band (the 
valence band top and guide band bottom are malposed). Fig. 2(b) is the density of states (DOS) 
and the partial density of states (PDOS) of YAlO3, which illustrates that the chemical bond of 
YAlO3 bulk structure is a mixture of ionic bonds and covalent ones. In the range of -6 eV to 
Fermi level, the major part of total DOS is the contribution of O-p orbit and Y atom has very 
little contribution, which reveals that ionic bond formed between the O atom and Y atom. The 
electrons transfer to the around of electronegative O atom. From-6 eV to -4.5 eV, the peak 
shape and the peak strength of Al-s orbit are similar to that of O-p orbit. From  4.5 eV to 3 
eV, the peak shape and the peak strength of Al-p orbit are similar to that of O-p orbit, which 
indicates that there is resonance and orbital hybridization between the sp orbits of Al atom and 
p orbit of O atom. Therefore, covalent bond formed between Al atom and O atom.  
 
The calculated elastic moduli of YAlO3 is listed in Table 2. Based on the calculated elastic 
moduli, the Young's modulus, linear compressibility, shear modulus and Poisson's ratio 
calculated by the software of Gaillac et al. [31] are listed in Table 3. The maximum value of 
calculated Young's modulus of bulk YAlO3 is 263.02 GPa and the minimum value is 158.30 
GPa. The maximum value of calculated linear compressibility of bulk YAlO3 is 2.23 TPa
-1 and 
the minimum value is 1.32 TPa-1. The maximum value of calculated shear modulus is 129.01 
GPa and the minimum value is 57.25 GPa. The maximum value of calculated Poisson's ratio is 
0.58 and the minimum value is -0.09. The Poisson's ratio of YAlO3 is negative, which indicates 
that it has similar properties with auxetic materials in some conditions. 
 
The 3D and 2D views of Young's modulus, linear compressibility, shear modulus and Poisson's 
ratio of bulk YAlO3 are shown in Fig. 3. It can be known from Fig. 3(a) that the anisotropy of 
Young's modulus of bulk YAlO3 is large in x, y and z orientations. In Fig. 3(b), the anisotropy 
of linear compressibility of bulk YAlO3 is mainly the contribution of z orientation and there is 
no anisotropy in xy orientation. In Fig. 3(c), the anisotropy of shear modulus is very large. In 
Fig. 3(d), the anisotropy of Poisson's ratio of bulk YAlO3 is relatively complex and the negative 
value in xy plane indicates the bulk YAlO3 presents properties like auxetic materials in (110) 
orientation. 
 
3.2.2. Bulk property of NbC 
 
The bulk properties of NbC are shown in Fig. 4 and the Fermi level is indicated by dashed line. 
Fig. 4(a) is the band structure of NbC and there are bands across the Fermi level, which 
indicates that the valence electrons can enter the conduction band through the Fermi surface. 
Therefore, NbC has some metallic characteristics. Fig. 4(b) is the DOS and PDOS of NbC, 
which illustrates that the chemical bond of NbC bulk structure is a mixture of covalent bonds 
and metallic ones. The DOS and PDOS of Nb atom have peaks at the Fermi level and the major 
part of them is the contribution of Nbd orbit, which indicates that NbC has some metallic bonds. 
From-7.5 eV to -2 eV, the peak shape and the peak strength of Nbd orbit are similar to that of 
C-p orbit, which indicates that there is resonance and orbital hybridization between the d orbits 
of Nb atom and p orbit of C atom. Therefore, covalent bond formed between Nb atom and C 
atom. 
 
The calculated elastic moduli of NbC is listed in Table 4. Based on the calculated elastic moduli, 
the Young's modulus, linear compressibility, shear modulus and Poisson's ratio calculated by 
the software of Gaillac et al. [31] are listed in Table 5. The maximum value of calculated 
Young's modulus of NbC is 648.79 GPa and the minimum value is 440.97 GPa. The maximum 
value of calculated linear compressibility of NbC is 1.09 TPa-1 and equal to the maximum value. 
The maximum value of calculated shear modulus of NbC is 282.96 GPa and the minimum 
value is 175.03 GPa. The maximum value of calculated Poisson's ratio of NbC is 0.369 and the 
minimum value is 0.108.  
 
The 3D and 2D views of Young's modulus, linear compressibility, shear modulus and Poisson's 
ratio of NbC are shown in Fig. 5. It can be known from Fig. 5(a), the anisotropy of the Young's 
modulus of NbC is identical in x, y and z orientations. In Fig. 5(b), it is obvious that there is 
no anisotropy of the linear compressibility of NbC. From Fig. 5(c) and (d), it can be revealed 
that the anisotropy of the shear modulus of NbC is identical in x, y and z orientations and so 
does the Poisson's ratio. Therefore, we can reach the conclusion that the Young's modulus, 
linear compressibility, shear modulus and Poisson's ratio of NbC all have high symmetry. The 
mechanical properties of NbC are similar in the specific symmetrical crystal orientations. 
Especially the linear compressibility of NbC, it is same in every orientation, which indicates 
the absence of anisotropy. 
 
3.3. Surface convergence test 
Before building the interface models, surface convergence tests of YAlO3 and NbC slabs were 
performed to determine the smallest atomic layers as well as to achieve the bulk properties. A 
10 Å vacuum layer was adopted in surface and interface models to neutralize the interaction of 
the terminal atoms. In order to eliminate the dipole effect, all surface models have the same 
termination condition on the two terminal surfaces. 
The surface models of NbC and YAlO3 are shown in Fig. 6. Fig. 6(a) is NbC(100) surface 
model and the type of it is nonpolar surface, in which the number of Nb atom and C atom is 
same in each layer. Fig. 6(b) ~ (e) are the surface models of YAlO3(001) with four different 
termination conditions, and they are Y-terminated YAlO3(001) surface (b), O1-terminated one 
(c), O2-terminated one (d) and AlO-terminated one, respectively (e). All YAlO3(001) models 
are polar surfaces. 
 
3.3.1. Surface energy of NbC 
The surface energy is one of the methods to prove that the surface model achieves the bulk-
like properties with the increase of atomic layer number. The surface energy of NbC(110) 
model can be calculated by the Botteger Eqs [32]:  
(2) 
(3) 
where Nbc(100) is the surface energy of NbC(100) model; 𝐸𝑠𝑙𝑎𝑏
𝑁  slab and 𝐸𝑠𝑙𝑎𝑏
𝑁−2 are the total 
energy of surface models with N and N-2 atomic layers respectively; A is the surface area of 
NbC(100) surface model. The surface energy of NbC(100) model with different atomic layer 
is listed in Table 6. When the layer number of the surface model reaches 13, NbC(100) surface 
energy is converged to 1.46 J/ m2 commendably. It indicates that 13-layered NbC(100) model 
can achieve convergence and the bulk-like properties. 
 
3.3.2. Surface energy of YAlO3 
All four type YAlO3(001) models are polar surface models, and the surface energy can be 
calculated by equation as follow:  
(4) 
where YAlO3(001) is the surface energy of YAlO3(001) model; A is the surface area of the model; 
Eslab is the total energy of surface model; NY , NAl and NO are the numbers of Y atom, Al atom 
and O atom in surface model respectively; Y , Al and O are the chemical potentials of Y 
atom, Al atom and O atom respectively.  
 
The YAlO3 bulk unit energy 𝑌𝐴𝑙𝑂3
𝑏𝑢𝑙𝑘 can be calculated by equation as follows: 
(5) 
In YAlO3(001) Y-terminated surface model, the number of atoms satisfies the following 
equation: 
 (6) 
By combining equation (4), equation (5) and equation (6), the equation of the surface energy 
YAlO3(001) of YAlO3(001) Y-terminated model with only one variate Y is shown as follows: 
(7) 
In YAlO3(001) O1-terminated surface model, the number of atoms satisfies the following 
equation: 
(8) 
By combining equation (4), equation (5) and equation (8), the equation of the surface energy 
YAlO3(001) of YAlO3(001) O1-terminated model can be simplified as follows: 
 (9) 
In YAlO3(001) O2-terminated surface model, the number of atoms satisfies the following 
equation: 
 (10) 
By combining equation (4), equation (5) and equation (10), the equation of the surface energy 
YAlO3(001) of YAlO3(001) O2-terminated model can be simplified as follows: 
 (11) 
In YAlO3(001) AlO-terminated surface model, the number of atoms satisfies the following 
equation: 
 (12) 
By combining equation (4), equation (5) and equation (12), the equation of the surface energy 
YAlO3(001) of YAlO3(001) AlOterminated model can be simplified as follows: 
(13) 
The calculated chemical potentials of Y atom, Al atom and O atom at 0K and atmospheric 
pressure are Y=-6.43 eV, Al=-3.74 eV and O=-4.78 eV respectively. The calculated 
chemical potential of each element is put into equation (7), equation (9), equation (11) and 
equation (13) to obtain the surface energy of the YAlO3(001) surface models with different 
termination types.  
 
The surface energies of 7-31 layers YAlO3(001) O1-terminated models are listed in Table 7. 
When the layer of YAlO3(001) O1-terminated model attains 23, the surface energy can 
converge to about 6.37 J/m2. The surface energies of 7-31 layers YAlO3(001) O2-
terminatedmodels are listed in Table 8. When the layer ofYAlO3(001) O2-terminatedmodel 
attains 19, the surface energy can converge to about 11.22 J/m2. The surface energies of 5e25 
layers YAlO3(001) Yterminated models are listed inTable 9. When the layer ofYAlO3(001) Y-
terminated model attains 21, the surface energy can converge to about 2.07 J/m2. The surface 
energies of YAlO3(001) AlO-terminated models are negative values, which indicate these 
models are unstable or in a metastable state. Therefore, this type model is not taken into account 
in the following researches.  
 
According to the results of surface convergence tests, which can be confirmed is that 13 layered 
NbC(100) surface model, 23 layered YAlO3(001) O1-terminated surface model, 19 layered 
YAlO3(001) O2-terminated surface model and 21 layered YAlO3(001) Y-terminated one can 
be used to build interface models. 
 
3.4. Interfacial property 
Based on the results of two-dimensional lattice mismatch and surface convergence tests, six 
interface structures were constructed with consideration of different stacking modes. The 
schematically structures of different interface models are shown in Fig. 7. As shown in Fig. 7, 
six interface structures were named according to the interfacial atoms corresponding situation: 
Fig. 7(a) Nb-Y, (b) CY, (c) Nb-O1, (d) C-O1, (e) Nb-O2 and (f) C-O2. 
 
3.4.1. Work of adhesion and interfacial energy 
The interfacial work of adhesion and interfacial energy are closely related to the interfacial 
electronic structures and bond characters, which can be used to evaluate the bonding strength 
and stability of the interface system. The work of adhesion can be defined as the reversible 
work required in separating an interface into two free surfaces, which can determine the 
bonding strength of the interface structure. The interfacial work of adhesion can be calculated 
by the equation as follows [33]: 
(14) 
where EYAlO3=NbC is the total energy of the interface structure; EYAlO3 and ENbC are the total 
energy of isolated YAlO3(001) and NbC(100) surface models; A is the interface area. The 
interfacial energy is an important parameter to evaluate the interface stability. Generally, the 
smaller the interfacial energy is, the interface structure is more stable [21]. The interfacial 
energy can be calculated by the equation as follows [34]: 
(15) 
where YAlO3 and NbC are the surface energy of YAlO3(001) and NbC(100) models; Wad is 
the work of adhesion of YAlO3(001)/NbC(100) interface. 
 
The Wad of YAlO3(001)/NbC(100) interface model is listed in Table 10. It can be concluded 
that theWad of different interfaces has the following relationship: Wad(C-O2) >Wad(Nb-
O2) >Wad(C-Y) >Wad(Nb-Y) >Wad(Nb-O1) >Wad(C-O1). The  of YAlO3(001)/NbC(100) 
interface model is listed in Table 11. It can be concluded that the  of different interfaces has 
the following relationship: (C-Y) <  (Nb-Y) <  (C-O2) <  (Nb-O2) <  (Nb-O1) <  (C-O1).  
According to the results of the Wad and , it can be derived that C-O2 interface has the strongest 
binding force and C-Y interface has the best stability. In order to further analyze the properties 
of the interfaces, the electronic structure of C-O2, Nb-O2, C-Y and Nb-Y interfaces were 
calculated. The Wad and g of Nb-O1 and C-O1 interfaces are both inferior, so they are not 
taken into account in the following researches. 
 
3.4.2. Interface electronic structure and bond characteristics 
The charge density difference can be used to analyze the transfer of interatomic charge, and 
the charge accumulation regions and charge depletion regions are ascertained. The charge 
density difference can be calculated by the equation as follows [35]: 
 (16) 
 
where ρtotal is the total charge density of the interface system; ρYAlO3 and ρNbC are the charge 
density of isolated YAlO3 slab and NbC slab in the same interface structure.  
 
The characterization of localized distribution characteristics of electrons can be performed by 
electron localization function (ELF), which can also confirm the bond-types. The ELF can be 
calculated by the equation as follows [36]: 
 
(17) 
where D(r) is the real electron gas density; Dh(r) is the uniform electron gas density. ELF values 
are between 0 and 1. With the upper limit ELF = 1 corresponding to perfect localization and 
the value ELF = 1/2 corresponding to electron gas-like pair probability. While the value ELF ? 
0 means that electron might be entirely delocalized (or there is no electrons). 
 
The charge density difference images of Nb-Y, C-Y, Nb-O2 and CO2 interfaces are shown in 
Fig. 8. In Fig. 8(a), there are charge depletion regions between the interfacial Nb atoms and the 
Yatoms and charge accumulation regions are away from the interface, which indicates that the 
electrons of Nb atoms and Y atoms near interface transferred away from the interface atoms 
during the interfacial bonding process. In Fig. 8(b), there are charge depletion regions between 
the interfacial C atoms and the Y atoms, which indicate that the electrons of C atoms and Y 
atoms near interface are transferred away from the interface atoms during the interfacial 
bonding process. In addition, the charge depletion region of Y atom is much larger than that of 
C atom, which reveals that Y atom loses more charge. In Fig. 8(c), there are charge sharing 
regions between the interfacial Nb atoms and O atoms. There are charge depletion regions on 
the side of the Nb atoms and there are obvious charge accumulation regions around the O atoms, 
which indicate that the electrons of Nb atoms are transferred to O atoms during the interfacial 
bonding process. In Fig. 8(d), there are charge sharing regions between the interfacial C atoms 
and O atoms. In addition, there are also charge depletion regions near the interfacial C atoms 
and O atoms, which reveal that the electrons of C atoms and O atoms are transferred to the 
region between the two atoms during the interfacial bonding process. However, there are 
charge accumulation regions around the O atoms, which indicates that O atom is more 
electronegative than C atom and it is also easier to get electrons. Therefore, the charge sharing 
region between C atom and O atom is deflected to the O atom side. 
 
The ELF images of Nb-Y, C-Y, Nb-O2 and C-O2 interfaces are shown in Fig. 9. In Fig. 9(a), 
the ELF value between interfacial Nb atom and Y atom is in the range of 0-0.3, which reveals 
the ionic bond and metallic bond formed between the two atoms. There is a region in the middle 
of the interface with ELF value about 0.5, which indicates the formation of a weaker covalent 
bond. In Fig. 9(b), the ELF value between interfacial C atom and Y atom is in the range of 0.3-
0.5, which indicates the formation of a weaker covalent bond. In Fig. 9(c), the ELF value 
between interfacial Nb atom and O atom is approximately 0.5, which reveals the formation of 
covalent bond. In Fig. 9(d), the ELF value between interfacial C atom and O atom is in the 
range of 0.7-0.9, which indicates the formation of strong covalent bond.  
 
The DOS and crystal orbit overlap population (COOP) images of Nb-Y, C-Y, Nb-O2 and C-
O2 interfaces are shown in Fig. 10. In Fig.10(a), the COOP between the Nb-Y interfacial C 
atomand Yatom is positive value in the range of -6 eV~-3 eV and -11.5 eV ~ -9 eV, which 
presents a bonding action and has a contribution to the formation of Nb-Y interfacial covalent 
bonds. The COOP between  the Nb-Y interfacial Nb atom and Y atom is positive value near 
the Fermi level, which presents a bonding action. However, the COOP between the Nb-Y 
interfacial Nb atom and Y atom is negative value away from the Fermi level, which presents 
an antibonding action. Therefore, the Nb-Y interfacial Nb atoms and Y atoms have 
contributions to the formation of interfacial metallic bonds. In Fig. 10(b), the COOP between 
the C-Y interfacial C atom and Y atom is positive in the range of _6 eV to the Fermi level, 
which presents a bonding action and has a contribution to the formation of C-Y interfacial 
covalent bonds. The COOP between the C-Y interfacial Nb atom and Y atom is positive value 
near the Fermi level, which presents a bonding action. However, the COOP between the C-Y 
interfacial Nb atom and Y atom is negative value away from the Fermi level, which presents 
an antibonding action. Therefore, the C-Y interfacial Nb atoms and Y atoms have contributions 
to the formation of interfacial metallic bonds. In Fig. 10(c), the COOP between the Nb-O2 
interfacial Nb atom and O atom is positive in the range of _7 eV to _2 eV, which presents a 
bonding action. The COOP between the Nb-O2 interfacial C atom and O atom is positive in 
the range of _4 eV to _2 eV, which presents a bonding action. The COOP between the Nb-O2 
interfacial Nb atom and O atom (C atom and O atom) is negative value away from the Fermi 
level, which presents an antibonding action. By comparing their COOP, it can be revealed that 
the chemical bond between Nb atom and O atom is stronger than that between C atom and O 
atom, and they all have contributions to the formation of interfacial covalent bond. In Fig. 10(d), 
the COOP between the Nb-O2 interfacial C atom and O atom (Nb atom and O atom) is positive 
in the range of -8 eV to -6 eV, which presents a bonding action. Both of their COOPs are 
negative values in a large region near the Fermi level, which presents an antibonding action. 
By comparing their COOP values, it can be revealed that the chemical bond between C atom 
and O atom is stronger than that between Nb atom and O atom, and they all have contributions 
to the formation of interfacial covalent bond. 
 
3.5. TEM observation of heterogeneous nucleation interface 
 
The TEM images of YAlO3 and NbC in the Fe-based surfacing alloy are shown in Fig. 11. Fig. 
11(a) is the bright field image of the drop-shaped particle. The dark field images of its internal 
square region and outer annulus region are shown in Fig. 11(b) and (c), and their selected area 
diffraction patterns (SADPs) are shown in the top right corner of Fig. 11(b) and (c). According 
to the analysis of SADPs, it can be confirmed that the internal square particle is YAlO3 and the 
outer annulus is NbC. It is obvious that NbC grows around YAlO3 and they are combined 
together tightly, which proves that YAlO3 can act as the heterogeneous nucleus of NbC 
experimentally. 
 
4. Discussion on the validity of heterogeneous nucleation  
 
The two-dimensional lattice mismatch of YAlO3(001)/NbC(100) interface is 5.4%, which 
indicates that YAlO3 can act as an effective heterogeneous nucleus of NbC and provides a 
geometric structure basis to explain the heterogeneous nucleation mechanism. On the basis of 
the lattice mismatch calculation, the work of adhesion and interfacial energy of 
YAlO3(001)/NbC(100) interfaces were calculated by the first principles calculation. The work 
of adhesion of different interface models has the following  relationship: Wad(C-O2) >Wad(Nb-
O2) >Wad(C-Y) >Wad(Nb-Y) >Wad(Nb-O1) >Wad(C-O1). The interfacial energy of different 
interface models has the following relationship:(C-Y) <  (Nb-Y) <  (C-O2) <  (Nb-O2) <  
(Nb-O1) <  (C-O1). Although the work of adhesion of the C-O2 model is the largest, it can be 
seen from the interfacial charge density difference that there is a tremendous lattice distortion 
between interfacial C atom and O atom. Therefore, the stability of C-O2 is poor. Due to the 
large electronegativity of C atom and O atom, they will have a strong competition for electrons 
during the bonding process. However, O atoms are more electronegative than C atoms, which 
lead to the formation of a polar covalent bond and the unbalanced moment of force action. 
Therefore, there is a deflection of the chemical bond between C atom and O atom, which lead 
to the result that the interface structure distorted to the one with a very large lattice mismatch. 
The most stable interface is C-Y model with the smallest interfacial energy ( (CY) = 0.54 
J/m2), which provides an energy condition as the theoretical basis for YAlO3 act as the 
heterogeneous nucleus of NbC. The experimental results show that NbC grows around YAlO3 
and they are combined together tightly, which proved that YAlO3 can act as the effective 
heterogeneous nucleus of NbC experimentally. 
 
5. Conclusions 
(1) The two-dimensional lattice mismatch of YAlO3(001) slab and NbC(100) slab is 5.4% 
(<6%), which indicates YAlO3 can act as the effective heterogeneous nucleus of NbC. 
(2) The chemical bond of YAlO3 bulk structure is a mixture of ionic bond and covalent bond. 
The chemical bond of NbC bulk structure is a mixture of covalent bond and metallic bond. The 
chemical bonds of Nb-Y interface and C-Y interface both are mixture of covalent bond and 
metallic bond. The chemical bonds of Nb-O2 interface and C-O2 interface both are covalent 
bonds. The interface structure with the best stability is C-Y model, which has the smallest 
interfacial energy ((C-Y) = 0.54 J/m2) in the six interface models. 
(3) The results of TEM show that the internal square particle is YAlO3 and the outer annulus 
particle is NbC. NbC grows around YAlO3 and they are combined together tightly. Therefore, 
YAlO3 can act as the effective heterogeneous nucleus of NbC. 
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